Noise impacts resources and visitor experience in many protected natural areas, and visitors can be the dominant source of noise. This experimental study tested the efficacy and acceptability of signs asking visitors to be quiet at Muir Woods National Monument, California. Signs declaring a "quiet zone" (at the park's Cathedral Grove) or a "quiet day" (throughout the park) were posted on a randomized schedule that included control days (no signs). Visitor surveys were conducted to measure the cognitive and behavioral responses of visitors to the signs and test the acceptability of these management practices to visitors. Visitors were highly supportive of these management practices and reported that they consciously limited the amount of noise they produced. Sound level measurements showed substantial decreases on days when signs were posted.
I. INTRODUCTION
Many national parks experience high densities of visitation, and an emergent issue for parks is managing the noise generated by visitors. Most discussions of noise on public lands have focused on conflicting interests of quiet and motorized use, with prominent examples being snowmobiles at Yellowstone and air tours at Grand Canyon. However, substantial noise can also be generated by high densities of hikers and other forms of "quiet" use. The costs of noise are clear: noise can annoy visitors, interfere with enjoyment and relaxation, interrupt interpretive talks, degrade the perception of soundscapes, and inhibit an immersive experience of park resources.
Several studies suggest that quiet and natural sounds are important in helping to define the quality of visitor experiences in parks (reviewed by Gramann, 1999) . For example, park visitors often report that escaping noise and enjoying the sounds of nature are among the most important motivations for visiting parks and related areas (Driver et al., 1991) . In fact, a national study found that 72% of Americans surveyed regarded opportunities to experience natural quiet and the sounds of nature as a very important reason for preserving national parks (Haas and Wakefield, 1998) . In a survey of park visitors, 91% of respondents considered enjoyment of natural quiet and the sounds of nature as compelling reasons for visiting these areas (McDonald et al., 1995) .
Visitor surveys confirm that noise from other visitors can be a problem. Surveys at Padre Island National Seashore revealed that rowdiness and loud radios detracted from the quality of the visitor experience (Ruddell and Gramann, 1994) . Visitors who reported "peace and quiet" as an important motivation for their visit were most likely to rate loud radios a potential source of interference. The majority of visitors indicated that radios that were loud enough to be heard more than 8.6 m away would substantially interfere with their recreation experience. Focus groups of visitors and other stakeholders at Yosemite National Park reported a number of noise-related items that participants believed detracted from the quality of the visitor experience (Manning, 1998) . These included noise from tour buses, automobiles, RV generators, aircraft overflights, machinery, construction, and radios. In addition, opportunities for peace and quiet and hearing the sounds of nature were noted by many participants as important in defining the quality of the visitor experience.
An affirmative obligation to manage noise is expressed in the National Park Service (NPS) Management Policies (NPS, 2006) . Section 1.4.6 lists soundscapes as one of the resources subject to the impairment criterion in the Organic Act, and section 4.9 states: "The Service will restore to the natural condition wherever possible those park soundscapes a) Author to whom correspondence should be addressed. Electronic mail: kurt_fristrup@nps.gov that have become degraded by unnatural sounds (noise) and will protect natural soundscapes from unacceptable impacts." Director's Order No. 47 calls for explicit management of acoustical resources in the course of park planning, including inventorying and monitoring and definition of criteria for determining noise impacts (NPS, 2000) . The NPS Natural Sounds Program Office was also established in 2000; their mission is "to articulate NPS operational policies that will require, to the fullest extent practicable, the protection, maintenance, or restoration of the natural soundscape resource in a condition unimpaired by inappropriate or excessive noise sources."
Noise also diminishes visitor experience by degrading opportunities to observe wildlife under natural conditions. Noise is a disturbing stimulus to animals, and noise degrades wildlife perception of acoustical cues. In addition to immediate behavioral responses to disturbance events-like fleeing or freezing-animals can exhibit lasting behavioral changes in response to lost auditory awareness. Animals have been shown to change the diel schedule of their activities, avoiding noisy parts of the day, and shift their spatial distributions away from noisy areas. These responses to noise will render wildlife less accessible to National Park visitors, especially when the noise is produced by the visitors themselves. Opportunities to observe wildlife are one of the most important factors attracting visitors to national parks (Loomis, 2004) .
The NPS has supported a program of research at Muir Woods National Monument designed to support noise management based on the Visitor Experience and Resource Protection (VERP) framework (NPS, 1997; Manning, 2001; Manning, 2007) . This management-by-objectives framework includes three steps. First, management objectives are formulated, and indicators and standards of quality are specified. Indicators of quality are specific, sensitive, and responsive measures of resource conditions or the quality of visitor experience. Standards of quality define the minimum acceptable condition of indicators. Second, indicators are monitored to assess current conditions. Third, management actions are taken to restore the desired conditions in the park when standards are not being met.
Previous research at Muir Woods identified indicators and standards of quality for the visitor experience. The first phase collected baseline data about visitor use patterns and probed for issues that affect the quality of the visitor experience (Manning et al., 2005) . "Peacefulness," "quiet," and "the sounds of nature" were found to have a positive influence on the quality of the visitor experience; "noisy visitors," "loud talking," and related issues were found to detract from the quality of the visitor experience. Having confirmed significance of soundscape issues in the park, the second phase of research focused on soundscape indicators (Pilcher et al., 2008) . An "importance/performance" analysis of these data suggested potential soundscape indicators of quality (Hollenhorst and Gardner, 1994; Manning, 2007) . This analysis demonstrated that natural sounds such as water flowing in Redwood Creek, birds calling, and wind blowing in the trees enhanced visitor experience, and visitor-caused noise such as visitors talking and boisterous behavior detracted from visitor experience.
The next phase of research addressed standards of quality for visitor-caused noise (Pilcher et al., 2008) . Visitors were asked to evaluate audio recordings with increasing levels of visitor-caused sounds ranging from 30.5 to 48 dB(A). The mean ratings of each audio clip were plotted to construct a social norm curve (Manning, 2007) . The point at which the social norm curve crossed from acceptable to unacceptable was between the second and third audio clips, at a level of 37 dB(A). Fifteen percent of the participants reported that the conditions they experienced during their hike corresponded to recordings that were judged unacceptable by most participants in the survey.
A range of management actions could be taken to address the impacts of visitor use (Manning, 1999) . As an alternative to restrictions on visitor use, NPS can seek to alter visitor behavior through educational programs. Education can enhance public appreciation of park resources while making provisions to accommodate more visitors, enabling parks to avoid placing restrictions on visitor use (Peterson and Lime, 1979; McCool and Christensen, 1996) .
This study tested the effectiveness and acceptability of educational programs to reduce visitor-caused noise at Muir Woods. An educational program was developed to sensitize visitors to human-caused noise at Muir Woods and to encourage them to reduce the noise they generated. Ambient sound levels were monitored in the park throughout the study. A visitor survey was also administered during the experimental treatment and control periods to assess how the education program affected visitor behavior and how acceptable visitors found the educational program.
II. METHODS
Muir Woods National Monument lies just north of San Francisco, California. It is a popular tourist destination that attracted nearly three-quarters of a million visits in 2007. This small park includes 500 acres of ancient redwood trees and over 9.5 km of trails. Most visitors walk along the main paved trail that is approximately 1.6 km long. The study used two management actions that served as experimental treatments. The first treatment utilized a series of signs placed throughout the park that designated Cathedral Grove as a "quiet zone." Cathedral Grove is located about 0.8 km from the park entrance along the main paved trail. It includes some of the park's oldest and largest trees. The second treatment utilized signs declaring "quiet days" throughout the park. Both sets of signs requested that visitors turn off cell phones, encourage children to walk quietly, and talk in a lowered voice. Experimental controls were implemented as days without any signs. A random number generator was used to select control and treatment days. The random assignment of treatments was stratified across weekends and weekdays, to realize balanced representation of potentially different user populations. The study spanned 27 days (July 3-29, 2007) , with a 3 day gap from July 20 to 22. Data were collected for 8, 6, and 10 days under control, quiet day, and quiet zone conditions.
To measure the sound levels in the park, researchers installed a camouflaged Spectra TM acoustical monitoring system (Sound Technology, Inc., Tampa, FL) approximately 2 m off the main trail in Cathedral Grove. This sensor location was at a typical listening height above ground ($1.2 m) and as close to the trail as possible without attracting attention and potentially altering visitor behavior. The device recorded Aweighted decibel levels [dB(A)] every second. A-weighted decibel level integrates sound energy across the range of human hearing, using a weighting function that approximates human subjective judgments of equal loudness (Fahy, 2001 ). The Spectra system provides type 1 sound level measurements (ANSI, 2006) , with A-weighted values accurate to 1 dB.
The acoustical response metric was hourly A-weighted Leq, or the steady-state sound level which contains the same acoustic energy as the time-varying sound level measured during the hour. This is the standard noise level metric used by the U.S. Federal Highways Administration (23 CFR 772), and the U.S. Federal Railways Administration. At Muir Woods, this metric measured the aggregate of all visitor sounds superimposed upon a background of natural sounds and other anthropogenic noise for an interval that approximates a typical visitor's walking time in the park. Although this is a coarse measure of the park's acoustical characteristics, it has several merits. It is an accepted standard for managing noise levels in public spaces, it can be measured with nearly any sound level meter, and there is an extensive literature discussing the consequences of noise in terms of this metric.
Hourly Leq values were analyzed in relation to number of park visitors that day, the hour of the day, and the experimental treatment. Daily visitor use levels were counted by NPS staff at the entrance station. Sound pressure level was expressed as a logarithm-dB(A)-so the additive model that was fitted implies that variation in sound pressure level can be explained by the product of the three modeled factors. These factors were presumed to be independent. For example, the number of visitors for a given day and hour were presumed to be equal to the product of the daily visitation and a diurnal distribution of visitors that was the same across all days. This model structure also implies that the diurnal distribution of visitors across hours and the effect of the experimental treatment were independent of each other, the number of visitors, and the day of the week.
Visitors were not present in the park at all hours, so a screening analysis was undertaken to identify the hours of the day that exhibited a significant positive correlation between hourly sound levels and daily visitation. Twenty-four linear regressions of the base ten logarithm of daily visitation and hourly sound level (N ¼ 24 points each) were used to identify the hours that exhibited a positive Pearson correlation coefficient and explained at least 25% of the variance in sound level. This screening criterion fell in the middle of a substantial gap in percent variance explained, so modest changes to the criterion did not substantially alter the hours that were selected. These criteria identified the portion of the day in which visitors had a significant impact on sound levels.
For the hours that passed the screening criterion, sound pressure level was fitted using a generalized additive model (GAM) with three factors: the base ten logarithm of the daily count of visitors (a linear term), a smoothing spline of hour of the day (4 effective degrees of freedom), and a categorical factor for the experimental treatment. Model fits were performed using version 1.0 of the GAM package in R version 2.8.1 (The R Foundation for Statistical Computing). An initial GAM model was used to identify outliers in the data. Two outliers were investigated due to exceptionally large residual errors. One outlier was associated with maintenance of the sound monitoring station. The other was associated with the presence of a search and rescue helicopter. The results reported below were derived from a second GAM model that omitted the outliers.
To document visitor perceptions of the soundscape management efforts, researchers developed surveys specific to each experimental treatment. Batteries of questions asked visitors about the acceptability of various management actions and their compliance with signs present during the treatment periods. Potential participants for the surveys were selected at random.
III. STUDY FINDINGS A. Sound level monitoring
Measured sound levels were more than 20 dB(A) higher during daylight hours than at night (Fig. 1) . In addition to visitor noise (including their transportation), animal sounds, wind, and traffic volume unrelated to park visitation contribute to this diel trend. Regression analysis showed that daily visitation was substantially correlated with dB(A) for the hours between 10 a.m. and 7 p.m. The gray shading in Fig. 1 illustrates the data that were utilized in the GAM model to measure the effects of experimental treatments. Inside the gray zone, larger symbols tend to lie above smaller symbols. Outside of the gray zone, large and small symbols are more haphazardly distributed. The park is open from 8 a.m. to sunset (about 8:30 p.m. in July).
One interesting exception was evident in the hourly correlation analysis. For the 6 a.m. hour, there was a significant negative correlation between daily visitation and sound level. This trend is plausibly explained by the influence of weather on visitation: higher sound levels at this hour probably reflect less pleasant weather-sounds of wind and precipitation-that depress visitation.
The effect of daily visitor counts on sound level was initially modeled as a smoothing spline, but statistical tests demonstrated that the nonlinear term provided a negligible improvement in the quality of the fit to the data. This indicated that the visitor generated sound level was a simple power function of visitor density. The fitted coefficient was 1.98, and it is reasonable to infer that visitor contributions to sound levels increase with the square of the number of visitors. This could be due to interactions among visitors, changes in the composition of visitor groups with increasing density, or visitor responses to increases in sound levels. Preliminary models tested for possible effects due to seasonal trends throughout the study period, day of the week, and a dichotomy of weekend versus weekday. None was found to contribute significant improvements to the model.
Having controlled for the effects of hour and daily visitation, the effects of experimental treatments were measured. Figure 2 illustrates the mean values for the experimental treatments as fitted by the model, as well as the scatter in sound levels represented by the residuals arising from a model that left out the experimental treatment. Mean quiet day and quiet zone dB(A) levels were 1.84 and 2.77 dB(A) lower than the mean control day dB(A) level. Addition of a binary treatment factor to the model (lumping the treatment effects together) significantly improved the quality of the model fit (F ¼ 51.7, df ¼ 1, p < 2 Â 10
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). Including the distinction between treatment effects (no signs, quiet day, and quiet zone) further improved the model fit (F ¼ 6.95, df ¼ 1, p < 0.01). A significant difference between treatments was also supported by testing to see if the quiet day and quiet zone residuals were significantly different for the model that ignored the distinction between signs (t ¼ 2.74, df ¼ 126, p ¼ 0.007). Detailed inspection of Fig. 1 provides a graphical confirmation of these trends: the circles (control days, bold symbols for emphasis) are typically located above the box (quiet day) and triangle (quiet zone) symbols.
The quieting effects of the signs can potentially translate into increased visitor capacity for the park. A rough estimate of this potential increase in user capacity can be made by dividing the treatment effects by the slope of the daily visitation factor, and converting from decibels back to visitor numbers. This calculation indicates that the quiet day and quiet zone effects are equivalent to reducing visitation by 19% and 28%, respectively. These reductions in sound level can also be interpreted in terms of the quality of visitor experience. For sounds that are masked by visitor noise, the quiet day and quiet zone treatments correspond to 24% and 38% increases in range of detection. The latter figure nearly doubles the area of the circle describing the "listening area" for affected sounds, substantially increasing opportunities to hear wildlife and other natural sounds at Muir Woods.
B. Visitor survey
The visitor survey generated 246 completed questionnaires during the control period, 271 completed questionnaires during the quiet day treatment, and 263 completed questionnaires during the quiet zone treatment. Overall response rate was 50%. Visitors who declined to participate in the survey were asked to choose one of the following reasons which best described the reason they visited the park: seeing the redwoods, appreciating the scenic beauty, being with friends/family, experiencing solitude, getting some exercise, learning about nature, enjoying the peace and quiet, hearing the sounds of nature, and other. Visitors who did not participate in the survey did not differ significantly from survey participants in their response to this question, or in their distribution of observed group type (alone, family, friends, or other) or the number of people in their group.
Findings from the survey indicate that visitors were highly perceptive of the educational treatments. Over 90% of respondents reported seeing signs requesting quiet behavior when they were posted (Table I) . Over 85% of visitors on control days found the concept of signs encouraging quiet behavior acceptable, even though no signs were present (Table II). More than 95% of visitors on quiet zone or quiet day treatments found the signs acceptable, a significant increase from the visitors on control days. Both the quiet zone and quiet day approaches to reducing noise enjoy high levels of support from visitors on those days (Table III) .
Visitors also reported very high levels of compliance with the educational messages. Nearly all respondents-96% and 91% of respondents during the quiet zone and quiet day treatments, respectively, reported that they consciously limited the amount of noise they made in the park. This is compared to 77% of control period visitors (x 2 ¼ 42.4, p < 0.001; Cramer's V ¼ 0.241, p < 0.001) (Table IV) .
IV. CONCLUSIONS
Noise is an increasingly pervasive and urgent problem in many communities. Most national parks aspire to provide havens for outdoor experience that are largely free from noise. At Muir Woods, prior research indicated that current noise levels were approaching a judgment of unacceptable for most park visitors. This problem is likely to grow as the number of visitors increases. Viewed in the context of management-byobjectives frameworks like VERP, management actions are needed to limit visitor-caused noise at Muir Woods.
These findings show that an educational program designed to encourage quiet behavior in visitors can substantially reduce noise levels at Muir Woods. The quiet zone approach caused sound levels to decrease by almost 3 dB(A), which doubles a visitor's effective listening area for many types of sound. Educational programs and interpretive materials have the added benefit of helping visitors be more aware of the park's acoustical environment and the costs of noise.
This study also represents an example of how multiple research methods can be used for purposes of cross-validation. The visitor survey collected visitor self-reports of the degree to which respondents noticed the educational programs and adjusted their behavior accordingly by making conscious efforts to reduce the noise they made in the park. The sound monitoring confirmed that visitors did indeed reduce their sound-related impacts in the park and quantified this effect. The study described in this paper was limited in the range of management practices examined-educational messages delivered by signs in spatial and temporal contexts. Many other modes of delivering educational materials are possible. The effectiveness of noise management efforts is likely to be greater when multiple modes of communication are utilized in a coordinated campaign to deliver the conservation message.
The collaborative effort between research and management to manage noise at Muir Woods is an example of using the VERP framework to implement adaptive management. Park managers identified noise as a potential problem and initial phases of research explored visitor perceptions of park acoustical conditions. Hourly dB(A) values were selected as an indicator of quality. A subsequent visitor survey determined a minimum acceptable standard of quality for this indicator. Two experimental management actions to reduce visitor-caused noise were implemented on an experimental basis and acoustical monitoring was used to measure their effectiveness. Surveys were also used to assess the effectiveness and acceptability of these management actions. A longterm commitment to monitoring ensures that standards of quality will be maintained. At Muir Woods, this research offered immediate benefits to park resources and visitor experience. High visitor ratings for acceptability and substantial reductions in noise levels inspired NPS to officially designate a permanent quiet zone in Cathedral Grove. 
